Resveratrol (3,5,4'-trihydroxy-trans-stilbene, RV) is a kind of phytoalexin found in many kinds of plants and food. As a natural antioxidant, RV shows significant biological activity, including anti-tumor activity, antitubulin activity, cardiovascular disease resistance activity, etc. Many experiments confirm that resveratrol displays a wide range of beneficial effects on human diseases including heart disease and cancer, especially in the treatment of central nervous system disease, such as Huntington's disease (HD), Alzheimer's disease (AD) and Parkinson's disease (PD). This paper summarizes the positive effects of RV on several central nervous system diseases.
Introduction
Resveratrol (3,5,4'-trihydroxystilbene, C 14 H 12 O 3 ) is a type of natural phenol, and a natural phytoalexin produced by several plants in response to injury or pathogens. It exists as two geometric isomers: cis-(Z) and trans-(E) (Figure 1 ). Many everyday food ingredients contain resveratrol, such as peanut, the grape (red), giant knotweed, mulberry and other plants [1] , and it is also found in red wine since the highest content of resveratrol is in grapes and grape skins, which increases the likelihood of its effect on the wider population. While RV content in plants is relatively low, and extract cost is high, chemical synthesis of resveratrol has become a major means of its development.
Resveratrol (RV) is a kind of natural antioxidant. Since the first article about the potential positive effect of RV on cancer in mice was published [1] , the simple micromolecule attracted a lot of attention. Resveratrol shows significant biological activity, including anti-tumor activity, antitubulin activity, cardiovascular disease resistance activity, etc. Therefore, more people focus on resveratrol, and scientific research groups and companies invest huge energy in the development of related food additives, cosmetics and the so-called natural medicine.
There have been a number of clinical studies on human, and in the next two to five years more related researches are expected to be conducted. At that time, we will know more about resveratrol's biological effect on human. In a large number of in vitro and in vivo experiments, RV has many beneficial effects on human disease, but the mechanisms are unclear. After oral administration, RV enters the circulatory system and is distributed in various tissues and organs. At the same time RV can quickly go through the blood brain barrier and be distributed in the brain tissue [2] . But the drug has its limitation of use. It can be metabolized quickly in the body and become a product with unknown activity, so the oral bioavailability is very low [2] .
RV has definite effect on many molecules, but the mechanism of the influence on human health seems to be more related with its antioxidant activity. It is known that the oxidative stress is associated with a variety of central nervous system lesions, so a lot of researches in recent years have focused on RV application in treatment of a variety of central nervous system lesions, such as Alzheimer's disease (AD), Huntington's disease (HD), Parkinson's disease (PD), etc. [3] .
This article intends to review the positive effect of RV on several kinds of central nervous system lesions, including Alzheimer's disease, Huntington's disease, Parkinson's disease, etc., and summarize the functional mechanism of RV on these diseases in the existing studies.
RV and Alzheimer's Disease
Alzheimer's disease is a progressive, age-dependent and neurodegenerative disorder, and the most common cause of Senile Dementia. The pathological and histological study of the brains of patients suffering from AD shows that the cortex and hippocampus area has ultrastructure changes, and two classic injuries are triggered, including senile plaques mainly composed of Aβ peptide and intracellular neurofibrillary tangles composed of excessively phosphorylated tau protein. Tau protein is a kind of multi-functional microtubule associated protein, which mainly acts on the collection of microtubules and form these polymers by bridging with other fibrous skeleton [4] [5] . In the brains of patients suffering from AD, the earliest found variation is structure and conformation changes of Tau protein caused by the excessive phosphorylation of Tau protein under the action of different protein kinase and phosphatase systems [6] , which influence the combination with tubulin and promote the capacity set of microtubules [7] . The most relevant protein kinase which participates in the neuronal degenerationinduced by Tau protein is glycogen synthase kinase 3 (GSK 3) [8] . GSK 3 increases the excessive phosphorylation of Tau protein loci, so that Tau protein transforms into a kind of protein not associated with the cytoskeleton.
Although most of the cases of Ad are incidental and the etiology is unknown, some familial genetic genes are closely related to the disease, such as amyloid precursor peptide (APP), presenilin-1 (PS1) and presenilin-2 (PS2). In the two kinds of cases (familial and occasional), the pathological changes associated with APP are considered to be related to Aβ amyloid peptide protein. Due to the formation of diffusible β amyloid protein oligomer, fiber and amyloid protein plaques can be gathered and formed, and synaptic dysfunction and AD toxic effect can be reduced [9] . In neuropathology study, the cadaver specimen test of patients with AD shows that their neuron apoptosis rate increases [10] . Cell apoptosis is the behavior of active cell killing in a certain order related to the activity of caspase. In the nervous system, apoptosis seems to be caused by the lack of nutrition factors. The lack of nutritional factors for intracellular signaling pathway transduction triggers the activity of caspase. Due to the lack nutrition factors in the nervous system, BAD and Bcl-2 Bcl-2 will interact with each other and be phosphatased, so that the release of mitochondrial cytochrome C and apoptosis factors increase, and eventually caspase 3 is activated [11] . These activities in the motor neurons will trigger oxidative stress, and produce a series of products such as nitric oxide, oxide and nitrite. These products can also activate caspase 3, and contribute to a wider range of cell apoptosis. In the earlier study, it is recognized that presenilin also adjusts neuronal apoptosis. RV can also activate SIRT1 [12] , reduce Aβ product by relying on silent regulatory proteins, and eventually inhibit the formation of Aβ amyloid protein fibers [13] . In addition, results of in vitro test show that SIRT1 can directly make Tau protein deacetylated. The removal of these acetyls may expose ubiquitinligating enzyme with lysine residues, so that Tau protein may be marked as proteasome and degraded [14] .
The research of Hooper et al. has shown that P53 of superior temporal gyrus with AD will be tripled, and P53 can indirectly induce the Tau protein phosphorylation. Therefore, P53 has good therapeutic effect on AD. This effect may be related to the adjustment of cell death pathways (in other related nervous system lesions it has the same effect). P53 is the substrate of SIRT1. This discovery further confirms that RV can delay the progress of AD.
RV and Huntington's Disease
HD is an autosomal dominant inheritance disease of the nervous system; and the most significant pathological manifestation of the disease is the progressive decrease of striatal neurons, causing abnormal movements and cognitive decline [15] . The origin of Huntington's disease is the repeated duplication of HTT on N terminal in an unstable trinucleotide CAG gene [16] . The JTT product is the variant HTT polyglutamine. Abnormal protein and protein act upon each other. Due to such, cell toxic aggregates are formed on neurons [17] . The function defect of neurons in HTTP fragments is the pathological manifestation of HD.
3-nitropropionic acid is a kind of inhibitor of electron transport chain. This kind of electron transport chain induces phenotypic symptoms of HD. Resveratrol effectively inhibits the effect of 3-nitropropionic acid. This inhibiting effect can help patients to reduce the production of HD neurotoxin. RV inhibits the activity of cyclooxygenase I (COX), thereby significantly improving the motor and cognitive disorder of HD induced by 3-nitropropionic acid [18] . In addition, through activation of SIRT1, RV prevents the mutational polyglutamine from producing neurotoxin and injuring neurons [19] . A variety of mechanisms have been put forward in the previous studies. M-HTT may trigger the striatum nerve degeneration, including mitochondrial dysfunction, oxidative stress and cell apoptosis. In this case, the activation of P53 plays a crucial role in preventing the toxicity of M-HTT in human nerve cells. In the experiment of transgenic mice, no matter whether the inhibition effect of tumor suppressor gene P53 has phenotype, its HD cell dysfunction can be mediated and its function of cell division can be impaired [20] . The deacetylation effect of P53 can reduce its activity and inhibit the dependent apoptosis of P53. RV can affect P53's deacetylation effect by activating SIRT1. So RV reduces M-HTT's toxicity for cells, thus protecting cells. The protection effect is realized by enhancing SIRT1 activity or indirectly inducing P53's inhibition of toxic effect [21] . Generally, the effect of P53 on HD is associated with the enhancement of mitochondrial oxidation [22] , and activation of SIRT1 occurs when RV exists and cell apoptosis is allowed to adapt to energy shortage [23] .
RV can be effectively inserted into the mitochondrial oxidation through its resistance to oxidation, and offset impaired mitochondrial function by activating SIRT1-PGC1α passage [24] . In fact, PGC1α adjusts the expression and activity of ROS, thus removing antioxidant enzyme activity and offsetting oxidative stress [25] .
RV and Parkinson's Disease
In addition to Alzheimer's disease, PD is the most common neurodegenerative disease. The prevalence rate of people over the age of 65 in the developed countries is nearly 2% [26] . Although we know little about the etiology of the occasional PD, some evidences still show that environmental factors and genetic tendency promote its development. Take α synaptic nucleoprotein gene as an example. The large genome missense mutation or frequent proliferation will cause autosomal dominant Parkinson's syndrome. Clinically, PD is characterized by progressive neurodegenerative disorder, including muscle rigidity, tremor and bradykinesia. And in extreme case action ability is completely lost. The root cause of motor symptoms is the degeneration of dopaminergic neurons in the substantianigra and the accumulation of intracytoplasmiclewy body (including α synuclein and ubiquitin) [27] . After dopamine is inactivated byoxidase (MAO), excessive hydrogen peroxide is produced. The hydrogen peroxide must be continuously detoxified by intracellular antioxidant.
It is generally believed that the manner of death of dopamine cells is cell apoptosis, rather than necrosis, but even this basic concept is still controversial; there is no doubt that oxidation and nitration stress of substantianigra is the outstanding characteristic of the disease.
Nitride (nitric oxide and peroxynitrite) is closely related to the change of the activity of iNOS. By contrast, the source of oxygen radical is not so clear, mainly based on indirect biochemical changes, such as higher level of iron, the change of antioxidant mechanism and mitochondrial dysfunction.
Mitochondrial injury is involved in the pathogenesis of PD. The related theory was established more than 20 years ago. Compound I inhibitor is known as the main source of free radicals, and it is thought that change to its function may be beyond the reduction of ATP and cause the increase of oxidative stress, thus explaining the occurrence of the disease.
RV can improve mitochondrial respiratory function through SIRT1-AMPK and PGC-1α pathway. It plays an important role in the treatment. To be specific, RV activates AMPK-SIRT1signal pathway, so as to induce the activity of PGC-1α [28] . PGC-1α's influence on mitochondrial respiratory capacity leads to the increase of mitochondrial biosynthesis and improvement of mitochondrial function.
An interesting assumption for PD neuron group is about ATP attenuation and internal flow of calcium ions. Monoamine oxidase induces the conduction of calcium produced by dopamine metabolism through reactive oxygen (mainly hydrogen peroxide) in astrocytes [29] . This creates the metabolic stress, because calcium entering the cells repeatedly and persistently needs to be balanced by ATP pump, so as to restore calcium homeostasis. It has been confirmed that the opening of L-form calcium channel of this type of neurons of mitochondria makes them very vulnerable to infection [30] . RV can effectively prevent the increase of calcium and affect PD process [31] .
In the experimental model of PD, RV's protection of dopaminergic neurons may be associated with the resistance to oxidation of drugs. RV's removal of hydrogen peroxide (H 2 O 2 ) may be particularly effective; when the drug dose is 100 μg/mL, 60% of its effect is shown. In addition, RV induces SIRT1 activity expression, which can prevent the accumulation of pathological α synuclein [32] ; to be specific, SIRT1 can make heat shock factor 1 (HSF1) deacetylated and activated, thus affecting molecules and molecular chaperone, including the transcription of heat shock protein 70 (HSP70). HSP70 regulates cell protein balance and reduces the abnormal protein aggregation.
Research has shown that GSK-3β inhibitor can prevent dopaminergic neurons from injury induced by all kinds of emergency. This is because α synuclein is the substrate of GSK-3β phosphorylation. Therefore, GSK-3β is associated with the pathogenesis of PD [33] . In the PD cell model, RV can reduce the expression of α synuclein by partially inhibiting GSK-3β [34] .
Conclusions
In recent studies, it is uncovered that mitochondrial metabolism and reactive oxygen imbalance are the major causes of many neurodegenerative diseases. However, whether these two factors are the main influence factors of disease is still unknown. Some small molecules show the ability to adjust reactive oxygen, metal poisoning and abnormal protein aggregation. Evaluation of the ability and safety of these small molecules is the important factor and strategy of the development of new treatment for neurodegenerative diseases.
As the compound with various neuroprotective effects, RV has potential application in the treatment of nerve injury. It is particularly attractive that recent studies show that through SIRT1/AMPK/PGC1α channel, RV can improve mitochondrial function and biosynthesis. Therefore the benefit of RV is not only limited to the antioxidant and anti-inflammatory properties.
But there are problems if we use RV as a possible drug for the treatment purpose. The water solubility of RV is low. Although clinical trials have shown that it is well tolerated in human during the trials but long-term effects of using resveratrol are currently unknown. Still, there is not sufficient evidence to recommend consumption of resveratrol beyond the amount that can be obtained through dietary sources, and more human clinical tri-als are needed [35] .
In spite of this, RV is still considered as a very promising "model compound". Perhaps more effective derivatives can be produced through effective chemical transformation, which shall be explored. It is worth mentioning that a recent study shows that polydatin, precursor of RV, can remove more hydroxyl radicals than RV in vitro. Therefore, the synthesis of RV analogues with higher bioavailability and solubility can increase the number of target biomolecules, better define the way of action and open up new prospects in the search and synthesis of new drug for the treatment of neurodegenerative diseases.
